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The heat generated withinintegrated circuit architectures needs to be
efficiently transferred to the package surface through multilayer interfaces

in the out-of-plane direction. At the same time, reverse heat flow needs

to be blocked to prevent the failure of thermally sensitive components.
Achieving the necessary asymmetric phonon transport in the out-of-plane
directionis, however, challenging. Here we report a trilayer van der Waals
heterostructure that offers asymmetric thermal transport. This thermal
Janus crystal is made of molybdenum disulfide (MoS,)/molybdenum
sulfide selenide (MoSSe)/tungsten diselenide (WSe,) and has a thickness of
less than 5 nm. By precisely adjusting the twist angles at the MoS,/MoSSe
and MoSSe/WSe, interfaces, the asymmetric property—defined as the
relative change in the interfacial thermal conductance under opposite
temperature gradients—can be tuned from 23% to 104%. Molecular
dynamics simulations indicate that the contributions of in-plane and
out-of-plane phonon modes at the MoS,/MoSSe and MoSSe/WSe,
interfaces are different, which leads to asymmetry in the heat transport.
Inathermal test with a field-effect transistor and using a 58-mW microwire
heater, the surface temperatureis reduced by 3.9 Kwhen heat flows from
WSe, to MoS, compared with when the heat flows in the opposite direction
through the heterostructure.

Inthree-dimensional integrated circuits, heat is primarily conducted
through multiple interfacesin the out-of-plane direction frominternal
high-electron-mobility transistors to the external packaging. Effective
thermal management, thus, requires efficient heat conduction from
the interior to the exterior and blocking reverse heat flow to protect
heat-sensitive components. However, achieving nanoscale control of
interfacial thermal conductivity and out-of-plane asymmetric phonon
transport remains challenging. Thermalrectifiers based on Teslavalve
structures, nanopores/nanoparticles and metamaterials'> have been
developed. However, these devices typically range in size fromtens to
hundreds of micrometres and are limited to manipulating heat flow
onlyin thein-plane direction.

Janus crystals—material systems that exhibit different propertieson
two opposingsides or surfaces®*—could provide asolution to overcome
the limitations of size and direction in thermal management technol-
ogy. Molybdenum sulfide selenide (MoSSe) is a recently developed
two-dimensional (2D) Janus material that offers symmetry breakingin
three atomiclayers and exhibits agiant nonlinear optical response and
ananomalous photovoltaic effect' . However, the thickness of aMoSSe
monolayer is far smaller than the phonon mean free path—the average
distance a phonon can travel before being scattered—which restricts
the control of perpendicular phonon transport across the monolayer.

Inthis Article, we reporta thermal Janus crystal made of molybde-
numdisulfide (MoS,)/molybdenum sulfide selenide (MoSSe)/tungsten
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diselenide (WSe,) trilayer van der Waals heterostructure, which is
inspired by the control of electronic energy band and correlated states
in magic-angle 2D dimensional materials with moiré superlattices"” 2.
By finely tuning the twist angles at the MoS,/MoSSe and MoSSe/WSe,
interfaces, the spacing between adjacent atoms on both sides of MoSSe
and theinterlayer van der Waals force can be modulated”*®, enhancing
control over phonon transport.

The asymmetric thermal transport property (r) is quantified
as the relative change of thermal conductance (G) in the opposite
temperature gradient directions. We develop an X-shaped sensor
to measure the thermal conductance in different vertical heat flow
directions. By independently changing the twist angles at the MoS,/
MoSSe and MoSSe/WSe, heterointerfaces, 7 can be tuned from 23% to
104%.Molecular dynamics simulations show that the contributions of
in-plane and out-of-plane phonon modes to the interfacial thermal con-
ductance at two interfaces are different, which results in asymmetric
phonontransport. We measure the surface temperature of the trilayer
material placed on a microwire heater by using a thermoreflectance
thermal imaging (TTI) method. The measured surface temperature
is 3.9 Klower when heat flows from WSe, to MoS, than when it flows in
the opposite direction at an input power of 58 mW.

Fabrication of X-shaped sensors

Tomeasure the forward and reverse out-of-plane thermal conductance
of the MoS,/MoSSe/WSe, trilayer heterostructure, we designed and
fabricated X-shaped sensors (Fig. 1). First, abottom gold nanosensor
(1 um x 15 um, 50 nm thick) was deposited onto a SiO,/Si substrate
through physical vapour deposition (PVD) (Fig. 1a). Subsequently,
three triangular single-crystalline transition-metal dichalcogenide
(TMD) monolayers (MoS,, MoSSe and WSe,) were mechanically trans-
ferred with precisely controlled twist angles 6, and 8, (Methods pro-
vides details onJanus MoSSe fabrication). The transfer process of a
triangular TMD monolayer involved the following. (1) A polymethyl
methacrylate (PMMA) film was spin coated on top of asingle-crystalline
MoS, monolayer substrate. (2) Using the microknife (MKS-15) equipped
onthe micromanipulation system, asingle-crystalline MoS, triangular
domain supported by PMMA was cut off and removed from the sub-
strate. (3) A pair of microprobes were used to mechanically transfer the
monolayer MoS, crystal domainonto the target surface. Both position
and orientation of the triangular crystal domain were meticulously
adjusted. To precisely control the twist angle, one corner of the PMMA
film was anchored by probe A, whereas probe B was used to nudge
the opposite corner and turn the sample to the desired twist angle
(Fig.1k; Supplementary Video 1 provides details). (4) The PMMA layer
was removed through immersion into warm butanone. Annealing at
400 °Cfor 8 hwas conducted to eliminate possible contaminations or
residues onthe sample. The same procedure was repeated to transfer
MoSSe and WSe, (Methods).

The other gold nanosensor perpendicular to the bottom sen-
sor was deposited on top of the trilayer TMD sample, creating an Au/
MoS,/MoSSe/WSe,/Au stack from bottomtotop (Fig. 1e,j). In particu-
lar, a3 pm x 3 um x 50 nm SiO, square was fabricated at the centre
of the X-shaped sensors to support the MoS,/MoSSe/WSe, trilayer.
The remaining TMD materials outside the square were etched away.
The whole X-shaped sensors were fully suspended from the substrate
by using XeF, gas etching (Fig. 10,p), to achieve the highest possible
thermal measurement sensitivity.

Tofurther evaluate the quality of interface between stacked TMD
layers, the aberration-corrected transmission electron microscopy
(TEM) was used to examine the cross-sectional view of the trilayer
heterostructure (Fig. 1n). The images revealed the good flatness and
cleanliness of the heterogeneous interfaces. The interlayer distance
between MoS, and MoSSe and that between MoSSe and WSe, were
measured to be 0.68 nm and 0.67 nm, respectively, aligning with the
theoretical expectation of 0.65 nm (ref. 27). This result demonstrates

the good quality of the heterointerface achieved through the used
mechanical transfer technology. In particular, the current method used
to transfer monolayer TMD single-crystal domainis generalizable and
can be applied to transfer and stack various 2D materials. Using this
approach, we have fabricated different stacked structures for com-
parison, like Au/MoS,/Au, Au/MoS,/MoS,/Au and Au/MoSe,/WSe,/Au.

Atomic-scale stacking characterization
Forthe MoS,/MoS, and MoSe,/WSe, heterostructures, the twist angle
between the two layers of 2D materials was defined as 6 (Fig. 2a), rep-
resenting the average angle of the corresponding edges of the top and
bottom triangles. This angle was measured using optical microscopy
(OM) with an error of approximately 0.3° (Supplementary Section
3). For the MoS,/MoSSe/WSe, trilayer heterostructure samples, we
used MoSSe as the benchmark and recorded the twist angle between
MoSSe and MoS, and that between MoSSe and WSe, as 6, and 6, respec-
tively (Fig.11). To assess the precision of the twist angle measurements
obtained from OM, the polarization-resolved second-harmonic genera-
tion (SHG) spectrawere used to determine the lattice orientation of the
bilayer twisted MoS, (Fig. 2b-d). In the non-overlapping regions of the
upper and lower layers of MoS,, the SHG signal exhibits distinct six-fold
rotational symmetry, attributable to the three-fold rotational symmetry
ofthe MoS, lattice. The directions of the maximum SHG signal intensity
correspond to the armchair crystallographic directions. Consequently,
the twist angles could be extracted by fitting the SHG patterns as 0.09°,
14.23° and 29.18° in Fig. 2e-g, respectively, which is consistent with
the corresponding values of 0.1°,14.5° and 29.6° obtained through
the OM measurements. This agreement demonstrates the reliability
of the angular measurements in our mechanical transfer technology.
Furthermore, we examined the overlapping region of MoS, using
scanning TEM. The atomically resolved moiré patterns presented in
Fig. 2h-j confirm the high crystallinity and exceptional transfer effi-
cacy of TMD. The moiré fringe periodicity in twisted bilayer MoS, can
be computed as follows:

[=—% o

,/2(1—cos€)7

where L is the moiré length and a represents the lattice constant of
MoS,, whichis 0.3125 nm. 6 denotes the twist angle. The measured
moiré periodicities (Fig. 2h-j) are 2.79 nm, 1.47 nmand 0.64 nm, respec-
tively, correspondingto theoretical twist angles of 6.4°,12.2° and 28.5°.
The Raman mappings were also performed for the MoSSe, MoS,, WSe,
and MoSe, monolayers (Fig. 2k), which indicated the large-area uni-
formity of the samples. Their characteristic peak positions of the A,,
modes for the four samples were located at 290.5 cm™, 406.5cm™?,
260.1 cm™and 241.3 cm™, respectively, whereas the corresponding
E,, mode characteristic peak positions were observed at 358.6 cm™,
384.6 cm™,250.8 cm™and292.6 cm™, consistent with the data reported
in the existing literature®®** (Supplementary Fig. 2). Although MoSe,/
WSe, and MoS,/MoSSe/WSe, heterostructures exhibited similar col-
ours in the OM images, the distinct Raman peak characteristics con-
firmed their layer-by-layer stacking configurations, consistent with our
cross-sectional aberration-corrected TEM results (Fig. 1n).

Out-of-plane thermal conductance measurement
and asymmetry heat transport characteristics
Using the X-shaped sensor approach, we measured the out-of-plane
thermal conductance G of all the MoS,/MoS,, MoSe,/WSe, and MoS,/
MoSSe/WSe, heterostructures under different heat flow directions,
similar to the H-type sensor for measuring the in-plane thermal con-
ductivity in our previous work™®. In this setup, the bottom and top
sensors of the suspended device functioned as a ‘Joule heater’ and a
precise ‘resistance thermometer’, respectively. The role of the heater
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Fig. 1| Fabrication of X-shaped sensors for measuring the out-of-plane
thermal conductance of trilayer MoS,/MoSSe/WSe, heterostructure.

a, Deposition of the bottom gold nanosensor onto the SiO,/Si substrate through
PVD. b, Mechanical transfer of a triangular single-crystalline MoS, monolayer
onto the bottom sensor. ¢, Mechanical transfer of a triangular single-crystalline
Janus MoSSe monolayer onto MoS, with a twist angle 8,. d, Mechanical transfer of
atriangular single-crystalline WSe, monolayer onto MoSSe with a twist angle 6,.
e, Deposition of the top gold nanosensor onto WSe, through PVD. f-j, OM images

g h
Sio,
Au

from steps shown in a-e (f-j, respectively). k, Precise control of 6, and 8, between
two neighbouring TMD monolayers by using a pair of microprobes. 1, Etch the
SiO, layer and exposed Si substrate by using reactive ion etching and XeF, gas,
respectively, to suspend the X-shaped sensors together with a trilayer sample
inbetween. m, Schematic of the core structure in the middle of the X-shaped
sensors. n, Aberration-corrected TEM image of the cross-section of the Au/MoS,/
MoSSe/WSe,/Au stacking layers. o,p, SEM images of suspended X-shaped sensors
with trilayer TMD samples supported by a3 pm x 3 pm x 50 nm SiO, square.

and thermometer can be switched by simply changing the electrical
current through each independent sensor, allowing the heat flow
directiontobereversed (Fig.3a). For a constant heating power, higher
out-of-plane thermal conductanceresultsin a greater temperaturerise
in the thermometer sensor. Using the measured heating power and
temperaturerises asinput, the thermal conductance canbe calculated
via three-dimensional thermal simulations of the heat conduction
equation (Methods). Before thermal measurement, the out-of-plane
electrical transport properties of all heterostructure samples were
measured. The drain-source current-voltage (/4-V,,) curve (Fig. 3b)

indicated no appreciable electrical rectification, probably because of
the narrow depletion layer within the heterojunction, which was only
several atoms thick and, thus, did not generate asufficientbuilt-in elec-
tricfield**. Moreover, when V,,was below 0.2 V, the interfacial resistance
forallheterostructures remained above 150 Q, substantially higher than
theresistance of the gold sensor (approximately 15.6 Q). This confirms
no direct contact between the top and bottom sensors and no electri-
cal breakdown within the heterostructure. Extreme electrical tests on
the Au/MoS,/Au stacked structure (Supplementary Fig. 3) revealed
that theresistance between two sensors was maintained stable above
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Fig. 2| Accurate characterization of the twist angle and moiré patterns
intwisted heterostructures. a, Schematic of 6 for the MoS,/MoS, bilayer.
b-d, OMimages of three triangular MoS,/MoS, bilayer samples and the angle
measurement results. e-g, Polarization-resolved SHG characterization results
corresponding to the regions shown inb-d (e-g, respectively), with the

measurement area indicated by the circles inb-d. h-j, Scanning TEM images

of MoS,/MoS, heterostructures with three twist angles. The white rhombuses
indicate moiré periodic stripes and the red edges represent the moiré lengths L.
k, Raman spatial mapping images of monolayer MoSSe, MoS,, MoSe, and WSe,
samples, as well as MoSe,/WSe, and MoS,/MoSSe/WSe, heterostructures.

130 Q within a voltage range below 189 mV (Supplementary Video 2).
Toavoidelectrical breakdown, the voltage applied to the gold sensors
inthe subsequent measurement of the out-of-plane thermal conduct-
ance was below 100 mV. Moreover, detailed circuit analysis further
confirms the absence of leakage current during thermal measurements
(Supplementary Fig. 5), precluding Joule heating arising from contact
resistance and ensuring measurement reliability.

Allthe thermal measurements were conducted in ahigh-vacuum
chamber (pressure, <107Pa) to avoid convective heat loss. The radia-
tive heat transfer can be neglected, too (Supplementary Section 3).
The overlapping region between the top and bottom sensors was
only 1 um x 1 um, thatis, the same region in which the heterostruc-
ture sample was positioned, much smaller than the area of the sen-
sor (15 pm x 1 pum). Therefore, the surface temperature distribution
within the overlapping region was essentially uniform (within 0.15K, as

confirmed by afinite element simulation). Consequently, heat transfer
predominantly occurred in the out-of-plane direction across the het-
erostructure and could be modelled using aone-dimensional thermal
resistance network. In general, the total thermal resistance, 1/G.g,
includes the interfacial thermal resistance 1/G, between Au and TMD
and1/Gbetween TMD layers:

1/Gegr = 1/G, +1/G. )

The calibration of G, was conducted using three specifically
designed stacked structures: Au/MoS,/Au, Au/MoSe,/Au and Au/WSe,/
Au. A comprehensive description of the calibration methodology is
provided in Supplementary Section 1. At the ambient temperature
(293 K), the measured values are as follows: Gy mos, is 28.48 +
2.28 MW m2K™, Gaymose, IS 33.92 £ 2.72 MW m 2K and Gpyjwse, is
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Fig. 3| Out-of-plane thermal conductance measurement circuit and the
asymmetry heat transport characteristics of MoS,/MoS,, MoSe,/WSe, and
MoS,/MoSSe/WSe, heterostructures. a, Schematic of the electrical circuit for
measuring the out-of-plane thermal conductance using the X-shaped sensors. V;
and V, measure the voltage of the bottom and top sensors, respectively. V;"and V,
correspondingly measure the electrical currentin each loop. The blue solid arrow
indicates the heat flow direction/* from the bottom to the top sensor, and the
purple hollow arrow indicates the heat flow direction/” from the top to the bottom
sensor. b, /.~ V,, characterization in the out-of-plane direction of bilayer MoS,/
MoS,, MoSe,/WSe, and trilayer MoS,/MoSSe/WSe, heterostructures.

c,d, Variations in the out-of-plane thermal conductance of bilayer MoS,/MoS,

(c) and MoSe,/WSe (d) heterostructures in two opposite heat flow directions with
0, respectively. e, Variations in 7 of trilayer MoS,/MoSSe/WSe, heterostructure
with twist angles 6, and 6,. g, Variations in the out-of-plane thermal conductance
of trilayer MoS,/MoSSe/WSe, heterostructure in two opposite heat flow directions
with 6,and 6,.f,h, Variations in thermal conductance with 6, for 6, = 0° and 6, = 60°,
respectively. The shaded area highlights the difference in interfacial thermal
conductance under/ and/ heat flow conditions. Each datapointinc,d,fandh
represents anindependent measurement result for a single sample. The vertical
lines at each data pointindicate acombined standard uncertainty of +8%.
Adetailed calculation of the uncertainty can be found in Supplementary Section 3.

21.16 +1.70 MW m2 K, consistent with the values reported in other
studies®%, confirming the reliability of the X-shaped sensor
measurement approach.

By subtracting G, from G, the interfacial thermal conductance G
between MoS,/MoS, layers was determined as a function of 6 (Fig. 3c).
The dependence of G on the twist angle was symmetricaround 8 =30°,
consistent with the three-fold rotational symmetry of the MoS, crystal.
The effective range of the twist angle was 0°-30° (ref. 28). Within this
range, G reached its maximum value of 15.7 MW m2K?at 6= 0.3°,
after which it rapidly decreased with an increase in the twist angle.
Conversely, from10°to30°, Gremained almost unchanged, consistent

with prior experimental results by time-domain thermoreflectance
and micro-Raman methods?****°, The thermal conductance across the
interface showed minimal variation with different heat flow directions.
The asymmetric property of heat transfer (1) is equal to the ratioof Gin
two opposite heat flow directions minus one (7= G'/G™ - 1). premained
consistently below 3% at the most investigated angle, indicating no
asymmetry of heat transport effect, aligning with theoretical predic-
tions. For the MoSe,/WSe, heterostructure, the variation in G with
twist angle was consistent with that of the MoS,/MoS, heterostructure
(Fig. 3d). In the heat flow direction from MoSe, to WSe, (J* direction),
the interfacial thermal conductance G at 14 different angles were all
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Fig. 4| Non-equilibrium molecular dynamics simulations revealing the
physical mechanisms of asymmetry of heat transport. a,b, Schematic of the
MoSe,/WSe, (a) and MoS,/MoSSe/WSe, (b) heterostructure models. ¢, Schematic
ofthe contributions of the in-plane and out-of-plane phonon modes to the out-
of-plane heat transfer. d,e, Variation in the interfacial thermal conductance of the
MoSe,/WSe, (d) and MoS,/MoSSe/WSe, (e) heterostructures with the twist angle

inboth/" and/ heat flow directions, respectively. f, Contributions of in-plane
and out-of-plane phonon modes to the interfacial thermal conductance of the
MoSe,/WSe, heterostructure. g-i, SHC decomposition of the interfacial thermal
conductance of the MoS,/MoS, homointerface (g), MoS,/MoSSe heterointerface
(h) and MoSSe/WSe, heterointerface (i). The shaded region serves to highlight
the difference in SHC between/" and/ heat flow conditions.

higher than thatin the opposite direction (/" direction), and the maxi-
mum value of n reached up to 29%. However, n showed no apparent
angular dependencein the MoSe,/WSe, heterostructure, withits value
fluctuating around an average of 19%.

Theincorporation of the Janus MoSSe monolayer between MoS,
and WSe, further enhanced the asymmetry of the molecular struc-
ture vertically and increased the asymmetry of heat transport. The
out-of-plane thermal conductance G of 25 MoS,/MoSSe/WSe, trilayer
heterostructures were measured at different angles of 6, and 6, (Fig. 3g).
For clarity, the variationin Gwith 8, was extracted at 6, = 0°and 6, = 60°
(Fig. 3f,h, respectively). Evidently, Greached its maximum value when
both 6, and 6, approach 0°, consistent with the measurement results
ofthe MoS,/MoS, and MoSe,/WSe, bilayer heterostructures. Figure 3e
represents a graphical result of the correlation between n and the
angles 6, and 6,. Inthe heat flow direction from MoS, to WSe, (J* direc-
tion), the out-of-plane thermal conductance G of all 25 samples with
different angles was higher than thatin the opposite direction (/ direc-
tion), with the maximum 7 reaching 104%. Remarkably, the angular
orientation was found to play a pivotal role in the modulation of .
Specifically,  could be effectively modulated by varying the twist
angle, with values ranging from 23% (at 8,=30.0°, 6, = 46.9°) to 104%
(at6,=2.2°,0,=56.6°).

Physical mechanisms underlying asymmetry of
heat transport

We have conducted non-equilibrium molecular dynamics simulations
toelucidate the physical mechanisms of the asymmetry of heat trans-
port. In twisted bilayer MoS,, MoSe,/WSe, and twisted trilayer MoS,/
MoSSe/WSe, simulation models, the temperatures of the top and bot-
tom layers were controlled by using Langevin heat baths to induce
the vertical temperature gradient (Fig. 4a,b). The simulation results
indicated the absence of the asymmetry of heat transportin the twisted
bilayer MoS, (Supplementary Section 2), as expected due to molecular
symmetry. In twisted MoSe,/WSe,, heat preferentially flowed from
MoSe, to WSe, (Fig. 4d). The interfacial thermal conductance decreased
withincreasing twist angle, consistent with the experimental results. In
twisted trilayer MoS,/MoSSe/WSe,, heat predominantly flowed from
MoS, to WSe, (Fig. 4e), and the increasing twist angles 8, and 6, led to
the reduced out-of-plane thermal conductance. Phonon density of
states (DOS) overlap is often used to reflect the matching of phonon
spectrabetweentwo materials, qualitatively characterizing the relative
magnitude of interfacial thermal conductance. In twisted MoSe,/WSe,,
the calculated DOS overlap of the Se atoms closest to the interface
was higher when heat flowed from MoS, to WSe,, reflecting the verti-
calasymmetry of heat transport behaviour (Supplementary Fig. 11).
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by using the TTI system. a, Schematic of the TTIsystem to measure the
surface temperature distribution of the device. The thin gold electrode acts as
aJoule heater under the MoS,/MoSSe/WSe, trilayer heterostructure. CMOS,
complementary metal-oxide-semiconductor; LED, light-emitting diode.

b, OMimage of the forward-stacked heterostructure on the electrode

Reverse stacking *

(Au/MoS,/MoSSe/WSe, from bottom to top). ¢, OM image of the reverse-stacked
heterostructure on the electrode (Au/WSe,/MoSSe/MoS, from bottom to top).

d, Surface temperature of the trilayer material directly above the gold electrodes
as afunction of heating power. e,f, Temperature distributions of the structures in
b (e) and c (f) ata heating power of 58 mW.

We have performed spectral heat current (SHC) decomposition
to differentiate the contributions of phonons at different frequencies
and different vibration modes. Thein-plane phonon modes, which are
contributed by the movement of atomsinthe x orydirection, manifest
astransverse wavesintheinterfacial heat conduction. Conversely, the
out-of-plane phonon modes, resulting from the movement of atoms
in the zdirection, appear as longitudinal waves in the interfacial heat
conduction (Fig. 4c). For the MoSe,/WSe, heterostructure shown in
Fig. 4f, with an increasing twist angle, the in-plane component of the
interfacial thermal conductance decreased substantially, whereas the
out-of-plane componentincreased slightly. This could be attributed to
thereductioninthe moiré patternlength L withincreasing twistangle,
which, inturn, suppresses the transport of long-wavelength phonons.
Further frequency-domain decomposition of the SHC confirms this
finding. With the increasing twist angle, the low-frequency component
ofthein-plane SHC decreased, whereas the high-frequency component
of the out-of-plane SHC increased (Supplementary Fig. 13). This indi-
cates that larger moiré patterns, characterized by longer periodicity,
facilitate the coupling of long-wavelength, low-frequency in-plane
phonons. Conversely, smaller moiré patterns, with shorter periodicity,
enhance the coupling strength of short-wavelength, high-frequency
out-of-plane phonons. Similar results were observed at two interfaces
in twisted trilayer MoS,/MoSSe/WSe,, explaining the dependence of
interfacial thermal conductance on twist angle.

Tofurtherelucidate the asymmetry of the heat transport mecha-
nism, we meticulously investigated the SHC at the interfacesin differ-
ent heat flow directions. For the MoS,/MoS, homointerface, the SHC
profilesinboth/"and/ heat flow directions are essentially coincident

(Fig.4g), indicating the absence of asymmetry of heat transport effects,
as expected. By contrast, we calculated the trilayer MoS,/MoSSe/
WSe, heterostructure and extracted the SHC curves forits constituent
MoS,/MoSSe and MoSSe/WSe, heterointerfaces. These curves exhibit
substantial differences in the /*and J” heat flow directions (Fig. 4h,i):
the interfacial thermal conductance at the MoS,/MoSSe interface
was predominantly attributed by the high-frequency phonons in the
7-15-THzrange, whereas at the MoSSe/WSe, interface, the contribution
of low-frequency phonons (0-5 THz) was approximately equal to that
of the high-frequency phonons. This discrepancy demonstrates that
the existence of Janus material MoSSe creates notable asymmetric SHC
at the two heterointerfaces above and below, which is a key factor to
the out-of-plane asymmetry of the heat transport effect. Furthermore,
the phonon mode analysis revealed that at the MoS,/MoSSe heteroint-
erface, the contribution of out-of-plane phonons to SHC was larger in
the/" directionthanthatinthe/ direction, whereas the contribution of
in-plane phononswas largerinthe/ direction than thatinthe/" direc-
tion, suggesting acompetitive relationship between different phonon
modes on the asymmetry of heat transport (Supplementary Fig. 14).
By contrast, at the MoSSe/WSe, heterointerface, both in-plane and
out-of-plane phonons made contributions to the asymmetry of heat
transport in the /" direction and increased the ratio . These findings
were based on a detailed statistical analysis of 12 different combina-
tions of 6, and 8, angle configurations (Supplementary Figs. 15-17).
Consequently, the pronounced differences in the SHC profiles at the
two heterointerfaces, along with the distinct contributions from the
in-plane and out-of-plane phonon modes, collectively facilitate asym-
metry of heat transport.
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Validation of asymmetry of heat transportinreal
devices

Tovalidate the out-of-plane asymmetry of heat transport effect, we fab-
ricated afield-effect transistor (FET) device with aMoS,/MoSSe/WSe,
trilayer ontop of two thin gold electrodes. Two heterostructures were
prepared for comparison: one with forward stacking (Au/MoS,/MoSSe/
WSe, from bottom to top) and the other one with reverse stacking
(Au/WSe,/MoSSe/MoS, frombottomto top) (Fig. 5a—c). The thingold
electrode (1.5 pum x 30 um, 100 nm thick) was used as aJoule heater. The
surface temperature distribution of the device was measured by using a
non-contact TTImethod (Fig. Se,f; Supplementary Fig. 6 provides more
details). Also, 470-nm-wavelength light from a light-emitting diode
was used as theincident light, which has the highest sensitivity to TMD
materials. With the x100 objective lens of the microscope subsystem,
the TTI system could achieve a spatial resolution of approximately
260 nm. During the experiment, the heating power Papplied to the thin
gold electrode wasincrementally increased, and the average tempera-
turerise AT was calculated within arectangular area (1.5 pm x 30 pm)
directly above the heating electrode. The results demonstrated that
AT exhibited afavourable linear relationship with P, regardless of the
stacking order of TMD materials (Fig. 5d), consistent with the theo-
retical predictions. Owing to the relatively lower out-of-plane ther-
mal conductance, for a given heating power, the surface temperature
of reverse-stacked heterostructure ATy, was lower than that of the
forward-stacked heterostructure AT;,.. At aheating power of 58 mW, the
difference ATy, - ATy, reached 3.9 K. Through finite element analysis,
we quantitatively determined that 90.5% of this temperature differ-
enceis attributable to the asymmetry in interfacial thermal conduct-
ance (Supplementary Section 1). This finding confirms the notable
asymmetry of the heat transport effect of the trilayer heterostructure,
consistent with the experimental results shown in Fig. 3. Considering
the linear relationship between AT and P, the temperature difference
AT, — ATy becamelarger at a higher heating power. This confirmed
that the multilayer heterostructure canbe used as anintelligent thermal
interfacial material. When the temperature of the core device reaches
ahighvalue, the heterostructure material on top facilitates rapid heat
dissipationinto the surroundings. Conversely, when the temperature of
the core deviceislower than that of the surroundings, the temperature
gradientinverts and the thermal conductance decreases, protecting
the core device from outside detrimental heat influx.

Conclusions

We havereported the fabrication of aMoS,/MoSSe/WSe, trilayer ther-
malJanus crystal that offers anasymmetric phonon transport property
exceeding 90%. For chips containing multiple interfaces, integrations
ofthis heterostructure could provide both rapid cooling and insulation
fromexternal high-temperature damage. The sub-5-nmthickness is also
favourable for chip integration. When placed on top of a FET device,
the heterostructure material generated a temperature difference of
3.9 K at the surface due to the asymmetric thermal transport effect.
Thevariable stacking order and controllable interfacial twist angles of
the heterostructure also offers flexibility for modulating moiré super-
lattices, interlayer coupling, SHC and band structures, which could
potentially be used to achieve unidirectional thermal conduction.

Methods

Synthesis of MoS,, MoSe,, WSe, and Janus MoSSe monolayers
The fused silica and sapphire substrates purchased from Dongda
Times, Chengdu Technology, were first pretreated with O, plasma.
The metal precursors were predeposited on the fused silica piece by
spin coating corresponding molten-salt aqueous solutions with opti-
mized concentrations (12 mg ml” of Na,Mo0,, 18 mg ml” of Na,MoO,
and 30 mg ml™ of Na,WO, for the synthesis of MoS,, MoSe, and WSe,,
respectively). Then, the precursor-coated pieces were heated at 80 °C
for drying. The precursor-coated fused silica, sapphire substrate and

chalcogenide crystal plate (ZnS or ZnSe) were stacked in a face-to-face
manner by acustomized holder. This integrated system was placed on
aquartz plate and loaded in the chemical vapour deposition furnace,
elevating to the optimized temperature for material growth (780 °C,
800 °Cand 820 °C for the synthesis of MoS,, MoSe, and WSe,, respec-
tively). The chamber pressure was kept at ~120 Pawith 100-s.c.c.m. Ar
duringthe growth. After growth, the furnace was naturally cooled down
to room temperature. The Janus MoSSe monolayer was fabricated by
the post-processing of as-grown MoS, on a-plane sapphire substrate.
The MoS, monolayers and ZnSe crystal plates were placed face to face
and loaded into the chemical vapour deposition furnace. The Se sub-
stitution was carried out at 870 °C at low pressure with 120-s.c.c.m. Ar
and 5-s.c.c.m. H,. This high-temperature process was kept for 60 minto
ensure the full substitution of the top-layer S atoms of MoS,. The system
was naturally cooled down to room temperature after substitution.

Fabrication of X-shaped sensors and MoS,/MoSSe/WSe,
heterostructures

Fabrication of the bottom sensor and electrode pad. To achieve the
required dimensional precision for the sensing device, electron-beam
lithography was utilized to pattern the sensor and electrode pad with
aresolution exceeding10 nm. A300-nm-thick layer of electron-beam
(EB) resist (ZEP520A) was spin coated onto asilicon wafer coated with
a 50-nm-thick SiO, layer, which was subsequently patterned into the
bottom sensor and electrode pattern. Following this, a 50-nm-thick
gold (Au) layer, preceded by an 8-nm-thick chromium adhesion layer,
was deposited onto the patterned wafer via electron-beam PVD.

Pretreatment of monolayer TMD samples for transfer. The mon-
olayer TMD samples, including WSe,, MoS, and MoSSe, were initially
synthesized on fused silica or sapphire substrates via the chemical
vapour deposition method, as mentioned above. To reduce the adhe-
sion force between the TMD material and substrate to facilitate sub-
sequent transfer, the TMD samples were transferred to a clean SiO,
substrate by using a typical PMMA method. First, a 300-nm-thick
PMMA layer was spin coated on top of the TMD material. Then, the
coated samples were immersed in a 10% sodium hydroxide solution
for a duration of 1-3 h to etch the sapphire substrate and release the
TMD/PMMA layer. After that, the samples were thoroughly rinsed
with ultrapure water to remove chemical residuals. Finally, the TMD/
PMMA layer was transferred onto a clean SiO, substrate, ready for the
next transfer process.

Transfer of monolayer TMD samples. Subsequent to the pretreat-
ment, we used the micromanipulation system (MicroSupport, AxisPro
SS) to transfer atriangular single-crystalline MoS, domain to the SiO,/
Si substrate with pre-prepared bottom gold sensors and electrode.
The position (1-um accuracy) and orientation (0.3° precision) of each
transferred MoS, crystal domain were meticulously adjusted by using
two microprobes (TP-001) with asharp tip of around 1 pmin diameter.
After that, the substrate was heated to 135 °C and maintained at this
temperature for 10 min on atemperature-controlled stage to enhance
the adhesion force between the monolayer TMD and the substrate.
Then, the sample wasimmersed in butanone at45 °C for 30 min to fully
dissolve the PMMA layer, thereby establishing an Au/MoS, stacking
structure. To further remove possible chemical residues left by the
dissolved PMMA, the sample was annealed at 400 °C for more than
8 h within a mixed atmosphere of hydrogen and argon under a slow
flow rate. The good quality and cleanness of the crystalline structure
canbe ensured by the clear aberration-corrected TEM images of both
cross-section (Fig. 1n) and moiré patterns (Fig. 1h-j). The same transfer
process was repeated twice to transfer single-crystalline MoSSe and
WSe, domains sequentially, forming a trilayer TMD heterostructure
MoS,/MoSSe/WSe, (the complete transfer process of the trilayer TMD
sampleis shownin Supplementary Video1).
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Fabrication of top gold sensor and electrode pad. After the trans-
fer process in step (3), the same electron-beam lithography meth-
odology delineated in step (1) was utilized to pattern the top gold
sensor and electrode pad. Then, a 50-nm-thick Au layer was depos-
ited by electron-beam PVD on the trilayer TMD sample to serve as
the top sensor. The top and bottom sensors formed an X shape with
the trilayer TMD sample in between, forming a stacked structure
of Au/MoS,/MoSSe/WSe,/Au.

Fabrication of the suspended structure. After fabrication of the
top sensor and electrode pad, a 300-nm-thick layer of EB resist was
spin coated on the surface and patterned into a 5 um x 5 pm square,
whose centre coincided with the centre of the X-shaped sensors. Subse-
quently, the 50-nm-thick SiO, layer uncovered by EB resist was removed
by using a reactive ion etching method with a CHF,/Ar gas mixture.
After that, the sample was put into a XeF, gas etching reactor for iso-
tropic etching of the exposed Sisubstrate. The EB resist and top sensor
protected the TMD sample from the etching gas. An etching depth of
approximately 8 umwas sufficient to fully suspend the whole X-shaped
sensorsand 5 pm x 5 pm-wide sensing area, guaranteeing the highest
measurement sensitivity for the interfacial thermal conductance of
the trilayer TMD heterostructure.

Removal of EB resist. The chip was finally immersed in butanone at
atemperature of 45 °C for 30 min to remove the EB resist layer on the
surface. After that, the chip with suspended X-shaped sensors was dried
by usingasupercritical point drying system (Leica EM CPD300) to avoid
surface-tension-induced damage to the sensors or TMD sample. On
completion of these steps, the sensing device was ready to measure
the out-of-plane thermal conductance of TMD heterostructures. The
fabrication process was the same for the monolayer MoS, sample and
bilayer MoSe,/WSe, sample with suspended X-shaped sensors.

Out-of-plane thermal conductance measurement method

The accurate measurement of out-of-plane thermal conductance
necessitates the determination of both temperature gradient across
the sample and the heat flux passing throughiit. In this study, two sus-
pended gold nanosensors were used as individual precise resistance
thermometers to quantify the temperature gradient. The resistance—
temperature coefficient of the gold nanosensor was carefully calibrated
beforehand. Utilizing a vacuum thermoelectric heating and cooling
stage (INSTEC, TP102VF-MPS-6PB, +0.001 K), the ambient temperature
ofthe sample can be accurately controlled. By changing the electrical
currentapplied to the X-shaped sensor, the corresponding data of the
resistance and electrical power were acquired. A resistance-power
curve was fitted to extrapolate the resistance of the sensor at zero
current, which corresponds to the resistance at ambient temperature.
Subsequently, by changing the ambient temperature of the stage, a
resistance-temperature curve was constructed for each sensor.

In the current research, to measure the thermal conductance in
the /" direction, the bottom gold nanosensor was subjected to a high
current acrossits terminals, thereby functioning as a heater to gener-
ateJoule heating power P. A portion of this heat, quantified as Q, was
conducted through the heterostructure in the out-of-plane direction
to the other nanosensor on top. To quantify this thermal conduction
process, a proportionality coefficient was defined as a:

a=g. )]

Concurrently, aweak current was applied to the top sensor across
terminals, serving as a detector. By monitoring the resistance change
ofthetwo sensors, their average temperature rises could be measured
and the difference was denoted as AT, To determine the thermal
conductance of the sample located in the centre of the two X-shaped

sensors, itisnecessary to calculate the temperature difference ATc e
at the overlapping central area of both top and bottom sensors. The
proportionality coefficient of these two temperature differences is
denoted as 3

_ A TCentre
A TAverage

B 2

On the establishment of the above temperature difference and
heat flux, the out-of-plane thermal conductance in the /" direction can
be determined as follows:

Q _ aP
AATCentre ﬂAA TAverage ’

Gefr = (3)

where A represents the overlapping area between the two sensors
(approximately 1 um?). Pcanbe accurately obtained by measuring the
currentand voltage applied to the heater sensor. AT, can be meas-
ured by assessing the resistances of both heater and detector sensors.
To obtain the proportionality coefficients a and f in the above
equations, a steady-state heat conduction simulation model was estab-
lished in COMSOL Multiphysics. Itis unambiguous that the shape of the
electrode influences the coefficients a and . Therefore, the geomet-
ric dimensions of sensor and electrode were precisely extracted from
the scanning electron microscopy (SEM) images of suspended sens-
ing device (Supplementary Fig. 4a) to establish the simulation model
(Supplementary Fig. 4b,c). The thermal conductivities of gold sensor
and silicon dioxide were measured and calibrated using the methods
introduced inour previous work®**', As aresult, the out-of-plane thermal
conductance G,was the only unknown parameter to be determined. Both
aand Swereuniquelyinfluenced by G, suchthata = a(G.) and = B(Gq).
Then, the aforementioned equation can be reformulated as follows:

P — ﬁGeff
AA TAverage a

: “)

Given the out-of-plane thermal conductance G, the ratio
(BG.)/a can be calculated from the heat conduction simula-
tion by COMSOL, allowing us to plot G versus P/(AATer,ge) CUTVE
(Supplementary Fig. 4d). On the basis of this curve, the out-of-plane
thermal conductance G, can be solely determined from the corre-
sponding value of P/(AAT,...e) measured in the experiment.

Molecular dynamics simulation

Allmolecular dynamics simulations were conducted using the LAMMPS
software*’. Theintramolecular interactions within the TMD layer were
described using amodified Stillinger-Weber potential*’, whereas the
interlayer interactions between TMD molecules were modelled using
the interlayer potential**. To simulate the interfacial thermal conduct-
ance, we first minimized the system’s energy. The system was relaxed
inan NPT ensemble at 300 K for 100 ps without external pressure to
release residual stress. Subsequently, the system was further relaxed
inan NVE ensemble for100 pstoreach astable state. Non-equilibrium
molecular dynamics simulations were then performed for 5 ns, with the
temperatures of the heat source and heat sink controlled by Langevin
thermostats, where the damping parameter was set to 100 ps.

To calculate the vibrational DOS, we extracted the velocities of the
two atomic layers closest to the interface. For the WSe,/MoSe, hetero-
junction, these were the top Se atoms in WSe, and the bottom Se atoms
inMoSe, (Supplementary Fig.11a). The vibrational DOS was obtained
by performing afast Fourier transform onthe velocity autocorrelation
function, given by the following equation:

WOw®)

Rl /
VarJ o (U(0)(0))

G(w) = exp(imt)dt, (5)
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where G(w) is the normalized vibrational DOS at frequency w, v(¢) is
the atomic velocity at time ¢, 7, is the integration time and the angle
brackets denote ensemble averaging.

To calculate the spectral heat flux, we export the veloci-
ties and force vectors of all atoms every 10 fs. The force-velocity
cross-correlation function is defined as follows:

Kt = ) = 3 6 - Vi(62) = Fy(6) - Vi), ®)

The cross-correlation functionis transformed into the frequency
domainviaFourier transform:

Ki(w) = f e K y(ndt. 7)

The spectral heat flux is represented as

i-j(®) = 2Re[K()]. (8)
The total heat flux is represented as

1
Qij= /o Eqi—vj(w)dw- 9

By decomposing the force-velocity cross-correlation function
into in-plane and out-of-plane components, we can determine the
contributions of in-plane and out-of-plane vibrations to the heat flux:

Qin plane = %T/ dwRe [f dteiwt<Fji,x(t) : Vj,x(o) - Fy,x(t)'
0 -0 (10)
Vix(0) + Fji () - vjy(0) — F, (0 - Vi,y(0)>] s

Qo itof plane = _‘f dwRe f dt ei <lﬂz(t) . VjZ(O) —F yz(t) . V[Z(O» .
I[ 0 —oo | ’ ’ ’

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon reasonable request. Source data are
provided with this paper.
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